ABSTRACT Insect polyandry often selects for increased male investment in ejaculates as it generates both sperm competition and the potential for cryptic (postcopulatory) female choice, a process males will seek to influence. Among the Coccinellidae, allomonal factors in male ejaculates are known to stimulate female fecundity and fertility and confer positive effects on the developmental phenotypes of progeny. We used the subtropical species Eriopis connexa (Germar) to test the hypothesis that male epigenetic factors will be diminished by sexual activity. We subjected virgin females to either a single mating, or 10 daily matings with the same male or different ones, either virgin or previously mated. There was no effect of male mating status or male novelty on female fecundity or fertility, but multiple matings with different virgin males resulted in faster production of clutches during the first 10 d of oviposition. When females were permitted only a single mating, their mean clutch size was diminished by males that had been previously mated two or more times and they took longer to produce 10 clutches, although egg viability was unaffected. Paternal effects did not vary with paternal mating history and progeny development was similar between first and tenth clutches, indicating an absence of the age-specific maternal effects observed in certain other species. The habitats occupied by this subtropical species provide prey for reproduction throughout the year and lack the strong seasonal patterns of prey availability that have been hypothesized to drive the evolution of age-specific maternal effects observed in some temperate species.
matings ensure the production of more genetically diverse offspring and insure against the loss in fitness that would result from a single mating with a lowquality or infertile male (Yasul 1998, Fox and Rauter 2003) .
Although male fitness is usually some function of number of matings, paternity is always uncertain when females remate (Eberhard 1996 , Simmons 2005 . Males can take one of two approaches to improve their paternity with polyandrous females: either seek to prevent female remating or attempt to bias paternity through other means. The former strategy can involve the evolution of allomones that reduce female receptivity postmating, physical barriers to female remating (genital plugs), or morphological adaptations for removing the sperm of previous males (examples in Thornhill and Alcock, 1983) . Alternatively, males unable to prevent female remating may use allomones to induce earlier onset of oviposition in an effort to compensate for the dilution of their paternity over time, especially if second male sperm precedence is strong (P2 advantage). However, females may also use various mechanisms of cryptic female choice (also known as "postcopulatory female choice") to bias paternity for or against particular males, thus generating selection on males to influence this process (Eberhard 1996 (Eberhard , 1997 .
Polyandry generates sperm competition and can select for males to increase investment in both sperm (Hunter and Birkhead 2002) and nonsperm components of seminal fluids. The latter can affect paternity via effects on sperm storage and sperm usage patterns (Eberhard 1996 , Wolfner 2002 , Simmons 2005 , among other potential effects on female physiology (Gillott 2003 , Avila et al. 2011 . In promiscuous species of Coccinellidae, matings can be costly for males; in a more extreme example, Perry and Tse (2013) found that a single mating reduced the longevity of Adalia bipunctata L. males by 53% postcopula. In contrast, multiple matings are often beneficial for females beyond simply ensuring fertility; Omkar et al. (2010) inferred that 11 matings were required to maximize fecundity in female Coelophora saucia (Mulsant), even though only three were sufficient to maximize egg fertility, and that female longevity was positively correlated with number of matings. Although the mechanisms by which male coccinellids influence female reproductive functions are not yet understood in this group, details are emerging from molecular studies on other insects, especially Drosophila (Diptera: Drosophilidae). Multiple studies have now elucidated various behavioral and physiological changes in mated females of Drosophila melanogaster Meigen following receipt of male sex peptide and other male accessory gland proteins (Wolfner 2002 , Adams and Wolfner 2007 , Apger-McGlaughon and Wolfner 2013 . For example, Rubenstein and Wolfner (2013) demonstrated that the seminal protein ovulin produced by male Drosophila stimulates the octopamine signaling system in the female's central nervous system to induce ovulation.
Among the Coccinellidae, female reproductive manipulation by males is often associated with paternal effects on offspring performance, including survival, developmental rate, and final adult size (e.g., Omkar 2012). Michaud et al. (2013) demonstrated that male allomonal signals were diminished by repeated matings in Coccinella transversalis F. and Coccinella septempunctata (L.), as revealed by reduced effects on female fecundity, egg viability, and paternal effects. Similar results were reported by Mirhosseini et al. (2014) for the zigzag lady beetle, Cheilomenes sexmaculata (F.) and a clear linkage between female fecundity stimulation and paternal effects was demonstrated; either the same factor was responsible for both processes, or the observed paternal effects were mediated by the female in response to male allomones.
The lady beetle Eriopis connexa (Germar) (Coleoptera: Coccinellidae) is a neotropical species native to South America and one of the most agronomically beneficial species in Brazil (Torres et al. 2009 ). Although primarily aphidophagous (Silva et al. 2013 ), E. connexa is also able to reproduce on psyllids and utilize mites and whiteflies as supplementary prey (F. C., unpublished data). Like most coccinellids, it is a promiscuous species, with both males and females mating repeatedly. If the cost of seminal fluid production is high, we hypothesized that repeated matings would deplete male virility, resulting in reduced reproductive benefits for the female and, possibly, diminished paternal effects on offspring. The objective of the present study was twofold: 1) to measure the benefits of multiple matings for female reproductive success, and 2) to measure the impact of multiple matings on the virility of E. connexa males, i.e., their ability to stimulate female reproduction and influence progeny development. Specifically, we hypothesized that 1) multiple matings with virgin males would improve both female reproductive success, and 2) male ability to influence female reproduction and progeny development would both diminish as a function of repeated matings.
Materials and Methods
Insects. Approximately 40 adults of E. connexa were collected from a field of organically grown kale [Brassica oleracea L. var. acephala (Brassicaceae)] in Chã Grande County, Pernambuco State, Brazil. All insects were held in a climate-controlled growth chamber at 25.0 6 1.0 C and a photoperiod of 12:12 (L:D) h. Both larvae and adults were fed ad libitum on eggs of the Mediterranean flour moth, Ephestia kuehniella (Zeller) (Lepidoptera: Pyralidae), which is a complete prey for this species, supporting both development and reproduction. For each experiment, we collected $400 eggs from 20 females. Neonate larvae were reared in ventilated plastic vials (80 ml), two per vial, with food refreshed daily until pupation. Emergent adults (<24 h old) were isolated in containers (as above) with food refreshed daily for 5 d prior to use in experiments.
Polyandry and Male Mating Status. Our first experiment was designed to test the relative contributions of female mating frequency, male novelty, and male mating status to female fitness. Four different female mating treatments (n ¼ 12 females per treatment) were established as follows: 1) Each female was permitted to mate once with a virgin male on the first day of the experiment; 2) each female was mated once daily with the same male for 10 consecutive days; 3) females mated once daily with a different, previously mated male for 10 consecutive days (males for this treatment were held in isolation and each mated once daily with a different, unrelated female on each of 10 days); 4) each female was mated once daily with a different virgin male for 10 consecutive days. Males in treatment (iii) were rotated among different females for each of their 10 matings.
All beetles were 5 d old at first mating. Each male was introduced in a plastic Petri dish (9.0 cm in diameter) containing one female and each couple was directly observed until termination of copula, whereupon females were isolated in vials (as in Insects) and fed ad libitum, their eggs collected daily. We recorded the number of clutches laid, the number of eggs per clutch, and the proportion of eggs hatching for a period of 60 d.
Polyandry and Male Mating History. Our second experiment was designed to test for effects of male sexual activity on male virility, as determined by female reproductive success and progeny development. Vigin female E. connexa were provided single matings with males of different mating histories: virgin males, once-ated males, twice-, thrice-, four-or five-times mated males. Beginning with 15 males, each was paired with a single female in a plastic Petri dish (as in Polyandry and Male Mating Status). When a copulation terminated (beetles separated), the duration of copula was recorded and the female was replaced with another virgin female. Each male was allowed to mate up to six times with six different virgin females, generating a series of six different female mating treatments (0-5 times previously mated males, n ¼ 8-15 females per treatment). Mated females were reared individually in plastic vials (as above), fed ad libitum, and their eggs collected twice daily until a total of 10 clutches were collected from each. The number of days required to produce 10 clutches, the number of eggs in each clutch, and the fertility of the eggs (percent hatching) were all recorded for each female.
To assess whether paternal effects on the offspring development were sensitive to male mating history, we reared all larvae from the 1st and 10th clutches of each female in all six treatments. Neonate larvae were isolated in plastic vials (as in Insects), and fed ad libitum with E. kuehniella eggs, refreshed daily, until pupation. Immature survival and developmental times were recorded for each life stage and, upon emergence, adults were killed by freezing at À10
C. Subsequently, adults were sexed under a stereomicroscopic (SMZ-168, Motic, São Paulo, SP), dried in a forced-air oven (MA033, Marconi, Piracicaba, SP) at 50 C for 48h, and weighed on an analytical balance (Model FA-2104N, Bioprecisa Eletronic, precision 0.001 g).
Statistical Analysis. After passing tests for normality and homogeneity of variance, data were analyzed by analysis of variance (ANOVA) and means separated using the Bonferroni test with a ¼ 0.05 (SAS Institute 2001, Cary, NC). Data from the polyandry and male mating status experiment were analyzed by ANOVA for repeated measures (Proc GLM; SAS Institute 2001) with evaluation date as the repeated measure. When "treatment Â time period" interactions were significant, responses to these factors were analyzed independently. Oviposition data were used to construct oviposition curves using the Kaplan-Meier method, considering the10th clutch as the end of the observation period. Curves were compared among treatments using the log-rank test (Proc LIFTEST, SAS Institute 2001). All other data were subjected to ANOVA (Proc GLM), with treatment (male mating history) and clutch number (first or tenth) as independent variables; means were separated using the Bonferroni test (a ¼ 0.05) whenever three or more were compared. Fig. 1B and C) , most likely because females received no further matings after day 10 of the experiment.
Results

Polyandry
Polyandry and Male Mating History. There was no effect of male mating history on the time to copula (F ¼ 1.86; df ¼ 5,31; P ¼ 0.143) or on the duration of copula (F ¼ 1.92; df ¼ 5,45; P ¼ 0.111). Males mounted females within a mean (6SE) of 263.7 (6 54.9) min and remained in copula for a mean (6SE) of 26.2 (61.8) min.
Male mating history had a significant effect on the rate of oviposition (F ¼ 8.93; df ¼ 5,54; P < 0.001). Females that mated males that had mated more than once previously took significantly longer to produce 10 clutches (Log-rank test: v 2 ¼ 109.29; P < 0.001; Fig. 2 ) that contained fewer eggs (F ¼ 8.93; df ¼ 5,54; P < 0.001; Fig. 3 ). However, male mating history did not affect egg viability (F ¼ 1.67; df ¼ 5,45; P ¼ 0.141), which averaged 47.7 (6 3.8) percent. There were no effects of male mating history on eclosion time (F ¼ 0.86; df ¼ 5,65; P ¼ 0.514), larval developmental time (F ¼ 0.75; df ¼ 5,60; P ¼ 0.587), or pupation time (F ¼ 0.99; df ¼ 5,60; P ¼ 0.431). Total immature development required a mean (6SE) of 19.6 (60.1) d and a mean (6 SE) of 89.5% (6 2.1) of neonate larvae survived to yield viable adults, without differences among treatments (F ¼ 2.09; df ¼ 5,60; P ¼ 0.079).
Comparing 1st and 10th clutches, there was no significant effect of male mating history on the number of eggs per clutch (F ¼ 1.64; df ¼ 1,50; P ¼ 0.130) or the viability of eggs (F ¼ 0.96; df ¼ 1,50; P ¼ 0.487). The two-way ANOVA revealed no significant interaction between paternal mating history and clutch number (first vs. tenth) for egg viability (F ¼ 0.66; df ¼ 5,79; P ¼ 0.655), and no main effect of either male mating history (F ¼ 0.96; df ¼ 5,79; P ¼ 0.450) or clutch number (F ¼ 0.02; df ¼ 1,79; P ¼ 0.902).
Both total developmental time (F ¼ 2.77; df ¼ 1,59; P ¼ 0.101) and survival to adult emergence (F ¼ 0.10; df ¼ 1,60; P ¼ 0.754) were similar for progeny of 1st and 10th clutches. There was a significant main effect of sex on adult dry mass (F ¼ 59.93; df ¼ 1,115; P < 0.001), but no significant main effects of paternal mating history (F ¼ 1.73; df ¼ 5,115; P ¼ 0.132) or clutch number (F ¼ 0.27; df ¼ 1,115; P ¼ 0.606). There were also no significant interactions between sex and paternal mating history (F ¼ 0.13; df ¼ 5,115; P ¼ 0.986), sex and clutch number (F ¼ 0.40; df ¼ 1,115; P ¼ 0.528), or paternal mating history and clutch number (F ¼ 0.57; df ¼ 5,115; P ¼ 0.721) and the three-way interaction was also nonsignificant (F ¼ 0.29; df ¼ 5,115; P ¼ 0.918). The mean (6SE) adult dry body mass was 1.9 (6 0.02) mg for males and 2.3 (6 0.02) mg for females.
Discussion
Female E. connexa that mated multiple virgin males laid twice as many clutches within the first 10 d of oviposition as females that mated multiple previously mated males, which were no different from females mated only once (Fig. 1A) . Although there was no difference among treatments in fecundity during this period (Fig. 1B) , multiple matings with virgin males appeared to accelerate oviposition frequency so that females produced more clutches, albeit smaller ones, in a shorter period compared with those mated to previously mated males. Females of most coccinellid species need to mate repeatedly to maintain high egg viability throught their reproductive lives (Majerus 1994 , Omkar and Mishra 2005b , Omkar et al. 2006 . In the present study, E. connexa females in all treatments experienced declining egg viability at about the same rate, although the decline appeared to begin earlier for females mated only once, and somewhat later for females mated multiply to virgin males (Fig. 1C) . This pattern is consistent with an earlier onset of sperm limitation in the former treatment, and a later onset in the latter. Alternatively, depletion of nonsperm factors could also be implicated if these are required to nourish sperm or otherwise improve their survival, as in honey bees, Apis mellifera L. (King et al. 2011) . The lack of a significant relationship between E. connexa egg viability and paternal sexual activity is in contrast to results obtained for Coccinella spp. ) and C. sexmaculata (Mirhosseini et al. 2014) , and may reflect male E. connexa adaptation to a higher mating frequency. Fig. 2 . Trajectory of oviposition by E. connexa females producing 10 clutches over a 30-d observation period after being paired with males of different mating histories (zero-, one-, two-, three-, four-, or five-times mated 24 h prior to mating a focal female). Curves were calculated by the Kaplan-Meier method and compared by log-rank test (v 2 ¼ 109.29; df ¼ 5; P < 0.0001). Curves bearing the same letter were not significantly different (0 vs. 1: Faster onset of oviposition is beneficial for paternity because it reduces the probability of female remating prior to oviposition. Our results indicate that matings with multiple virgin males stimulated a faster onset of oviposition than multiple matings with previously mated ones, perhaps reflecting greater summation of male allomones in the former females. Similarly, in the second experiment, females mating with males that had mated more than once previously required more days to produce 10 clutches (Fig. 2) and experienced reduced fecundity stimulation (Fig. 3) compared with those paired with virgins or once-mated males. Thus, initial matings reduced subsequent male ability to influence female reproduction, but the decline seemed to stabilize with additional matings, suggesting some restoration of male virility was occurring. As multiplymated males obtained all their matings on a single day prior to coupling with the focal female, they appear capable of significant levels ejaculate replacement within 24 h, even if they are unable to restore titers to virgin levels.
It is well recognized that male insect accessory gland secretions and other components of seminal fluid, often collectively referred to as "seminal fluid proteins," have a variety of allomonal effects on females that may include acceleration of oviposition rate, increases in fecundity and fertility, and subtle paternal effects (Chapman 2001 , Gillott 2003 , Avila et al. 2011 ). In the case of two Coccinella spp. ) and C. sexmaculata (Mirhosseini et al. 2014) , virgin males have stronger paternal effects on progeny development than do previously mated males, indicating depletion of the factors responsible as a function of male sexual activity. We did not observe any such patterns in E. connexa; male mating history did not affect progeny developmental times or final body mass. Thus, although male E. connexa are capable of female reproductive stimulation, they do not appear to generate paternal effects on progeny development.
No differences were observed in the developmental phenotypes of progeny from 1st or 10th clutches in the male mating history experiment, indicating an absence of the age-specific maternal effects observed in temperate species such as Coleomegilla maculata DeGeer (Vargas et al. 2012a ) and Hippodamia convergens Guerin-Meneville (Vargas et al. 2012b (Vargas et al. , 2013 . The source population of E. connexa inhabits a mild, subtropical environment with patchy, small-scale agriculture characterized by almost year-round growth of herbaceous plants. This habitat provides virtually continuous availability of prey for coccinellid reproduction over relatively small spatial scales; hence, females gain no advantage by tayloring progeny phenotypes for predictable patterns of change in prey availability. In contrast, females of C. maculata and H. convergens that inhabit a strongly seasonal environment (the High Plains of the United States) do not produce their "best" offspring first, as predicted by life history theory (Stearns 1982) , but rather produce progressively larger, faster-hatching eggs as a function of oviposition sequence. The explanation for this pattern derives from the ecology of these populations in a temperate region of climatic extremes characterized by short-lived periods of aphid abundance which constrain beetle reproductive opportunities. Females must lay their eggs within a narrow "oviposition window" for progeny to have sufficient food to complete development (Kindlmann and Dixon 1993) , and the production of more robust progeny in later clutches is likely to improve their chances of surviving increasingly adverse conditions in late stages of the aphid bloom. If this explanation is valid, populations of H. convergens sympatric with E. connexa should similarly lack the age-specific maternal effects observed in High Plains populations.
It is possible that males are only selected to invest in paternal effects when they are in conflict with females over progeny developmental phenotype. Conflicts of interest between the sexes at the molecular level become possible when the interests of parents diverge (Wolfner 2009 ) and this conflict may extend to parental effects. For example, all females are expected to discount future reproduction relative to current because of mortality risk (Stearns 1982) , but when females remate, males should discount it to an even greater extent due to progressive dilution of their paternity (Wedell et al. 2006) . When female coccinellids use maternal effects to delay production of their best progeny, they come into conflict with males that use paternal effects to improve the quality of the very next progeny produced, i.e., those most likely to be their own. If no such conflict exists in E. connexa, or indeed no age-specific maternal effects, there may be no need for males to influence progeny phenotypes.
In summary, the present findings support the view that coccinellid populations evolve life histories and reproductive strategies that are intimately adapted to their local ecological conditions and caution against broad generalizations across species inhabiting diverse environments. Furthermore, the movement of coccinellids to disparate geographic locations for biological control purposes are likely to be fraught with cryptic ecological mismatches that will not be revealed by standard laboratory assays of prey range and climatic tolerance.
